Background: Several publications have described differences in cross-sectional comparisons of gut microbiota between patients with Parkinson's disease and control subjects, with considerable variability of the reported differentially abundant taxa. The temporal stability of such microbiota alterations and their relationship to disease progression have not been previously studied with a high-throughput sequencing based approach. Methods: We collected clinical data and stool samples from 64 Parkinson's patients and 64 control subjects twice, on average 2·25 years apart. Disease progression was evaluated based on changes in Unified Parkinson's Disease Rating Scale and Levodopa Equivalent Dose, and microbiota were characterized with 16S rRNA gene amplicon sequencing. Findings: We compared patients to controls, and patients with stable disease to those with faster progression. There were significant differences between microbial communities of patients and controls when corrected for confounders, but not between timepoints. Specific bacterial taxa that differed between patients and controls at both timepoints included several previously reported ones, such as Roseburia, Prevotella and Bifidobacterium. In progression comparisons, differentially abundant taxa were inconsistent across methods and timepoints, but there was some support for a different distribution of enterotypes and a decreased abundance of Prevotella in faster-progressing patients. Interpretation: The previously detected gut microbiota differences between Parkinson's patients and controls persisted after 2 years. While we found some evidence for a connection between microbiota and disease progression, a longer follow-up period is required to confirm these findings.
Introduction
The early non-motor symptoms of Parkinson's disease (PD), such as hyposmia and gastrointestinal (GI) disorders [1, 2] , have led to the hypothesis that the disease could originate outside of the central nervous system, for example in the olfactory bulb or the enteric nervous system [3] . Research comparing nasal microbiota of PD patients and control subjects has not revealed notable differences [4, 5] . In contrast, several studies have suggested that patients' gut microbiota differ from controls' [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , although the differentially abundant taxa reported in them vary considerably. This could be due to differences in subject populations or methodology, such as PCR primers, sequencing platforms, and statistical tools. Nevertheless, some microbial community alterations, including a decreased abundance of the family Prevotellaceae, the genus Prevotella, and the species Prevotella copri [6, 9, 12, 13] , and an increase in Akkermansia and Verrucomicrobiaceae [5] [6] [7] 9, 11, 12, 15] , Bifidobacterium and Bifidobacteriaceae [9, 11, 13] , as well as Lactobacillus and Lactobacillaceae [6, 11, 13] , have been detected multiple times.
Aside from a recent disease progression study using a qRT-PCRbased assay [17] , all PD gut microbiota publications have been casecontrol studies with one timepoint. They have used varying approaches to control for the effects of potential confounders, such as diet and medications. Diet influences the gut microbiome [18] . Since it has been hypothesized to be an important determinant of the abundance of Prevotellaceae [18] , it could be associated to the decrease of that family seen in PD [6, 7] . Additionally, PD medications can affect gut microbiota [6, 11] . They are a particularly important confounder when studying disease progression, since progression is measured based on symptoms, which respond to medications.
In the present study, we explore the gut microbiota of a previously recruited group of PD patients and control subjects at baseline and 2 years later, while also considering their diet, medications, and other clinical variables.
Materials and methods

Study subjects and clinical data
152 age and sex matched subjects (76 PD patients, 76 control subjects) originally recruited for a pilot study in Parkinson's disease and gut microbiota [6] were invited to a follow-up appointment on average 2·25 (SD: ± 0·20) years later. Out of the original subjects who returned, nine were excluded, while five subjects whose samples were not used in the pilot study for various reasons were included at follow-up, bringing the total number of subjects to 128 (64 PD patients, 64 control subjects; Table 1 , Fig. 1 ). The study was approved by the ethics committee of the Hospital District of Helsinki and Uusimaa. All participants gave informed consent.
The subjects filled several questionnaires concerning non-motor symptoms, including the Wexner constipation score [19] , Rome III IBS questionnaire [20] , Non-Motor Symptoms Scale (NMSS) [21] , Swallowing Disturbance Questionnaire (SDQ) [22] , Sialorrhea Clinical Scale for PD (SCS-PD) [23] , 15-item Geriatric Depression Scale (GDS-15) [24] , REM sleep behavior disorder screening questionnaire (RBDSQ) [25] and Sniffin' Sticks 16-item smell identification score [26] . The subjects' dietary habits were evaluated at follow-up with a 163 item Food Frequency Questionnaire (FFQ) with 9 frequency response options (based on [27] ). The severity of the patients' parkinsonian symptoms was assessed with the Unified Parkinson's Disease Rating Scale (UPDRS) [28] , and their total medication load was calculated using the Levodopa Equivalent Dose (LED) [29] . We also determined tremor and postural instability and gait difficulty (PIGD) symptom scores and derived motor phenotypes (postural instability and gait difficulty (PIGD), tremor dominant (TD), or mixed (MX)) [30] . At follow-up, we also collected stool consistency information using the Victoria Bowel Performance Scale (BPS) [31] ; the patients kept a diary of their scores for one week leading up to sampling, and we used the weekly average stool consistency values for comparisons.
For comparisons of microbiota and disease progression, we excluded patients who were on Deep Brain Stimulation at either timepoint, those with missing UPDRS or LED values, and one patient whose LED score had decreased considerably between the two timepoints due to adjustment of overmedication symptoms. This left a subset of 56 PD patients for progression analyses. To classify patients into stable or progressed, we calculated changes in UPDRS I-III score (in the ON state) and LED between baseline and follow-up, divided each value by the number of days between appointments, z-transformed these two variables, and added them up. Based on the distribution of samples on this progression scale, we chose the 3rd quartile as a cut-off, resulting in 41 stable and 15 progressed patients (Fig. 2) . We also used this subset of patients for additional analyses contrasting PD phenotypes, additionally excluding patients with a mixed (MX) phenotype, which resulted in a data set with 21 TD patients and 28 PIGD patients at baseline, and 20 TD patients and 35 PIGD patients at follow-up.
Sequencing and sequence analysis
Stool samples for both timepoints were collected at home by the study subjects into collection tubes with pre-filled DNA stabilizer (PSP
Research in context
Evidence before this study
The cause of idiopathic Parkinson's disease has been hypothesized to involve an external agent, for example a pathogen, and one potential route of entry for such an agent could be via the gastrointestinal system. The interactions of gut microbes and the central nervous system, also known as the microbiota-gut-brain axis, have recently become a topic of intense research. Within the past 5 years, a total of twelve studies from three continents have reported differences in the composition of gut microbiota of patients with Parkinson's disease when compared to non-parkinsonian control subjects, showing promise for this novel field of research.
Added value of this study
Our study is the first to use a high-throughput sequencing based approach to explore gut microbiota of Parkinson's patients at two different timepoints. We show that the differences detected at baseline can be replicated at a follow-up timepoint 2 years later, and that there might be changes in gut microbiota composition in patients with faster disease progression.
Implications of all the available evidence
The consistent differences in gut microbiota between Parkinson's patients and control subjects could lead to new diagnostic or therapeutic modalities. Table 1 Changes in subject inclusion/exclusion after pilot study.
n (recruited for pilot study) 152 Excluded from pilot study, not included in current study: Excluded from pilot due to insufficient read count, drop-out from follow-up 2 Excluded from pilot due to lack of matching subject 1
Excluded from pilot study, included in current study: Not in pilot study due to insufficient read count 2 Not in pilot study because sample received too late 2 Not in pilot study: nasal polyps; deemed eligible for follow-up study 1 n (pilot study) 144
Excluded after pilot study: Spin Stool DNA Plus Kit, STRATEC Molecular), and stored in the refrigerator until transport (for up to 3 days). Once received at the clinic, they were transferred to −80°C. To minimize potential technical differences between baseline and follow-up samples, we reanalysed the baseline samples together with the follow-up samples, including new DNA extractions, PCR, and sequencing. Thus, the baseline samples, which had been frozen after collection, then thawed for sequencing at the time of the pilot study, re-frozen, and stored at −80°C since, were thawed for a second time for this follow-up study.
We extracted bulk DNA from stool samples with the PSP Spin Stool DNA Plus Kit (STRATEC Molecular). Each extraction batch included one blank sample to assess potential contamination. The V3-V4 regions of the 16S rRNA gene were amplified following a previously published protocol [4] , with the following changes: we used two technical replicates (25 μL reactions) per patient sample, and a mixture of the universal bacterial primers 341F1-4 (5′ CCTACGGGNGGCWGCAG 3′) and 785R1-4 (5′ GACTACHVGGGTATCTAATCC 3′) [4] with partial Illumina TruSeq adapter sequences added to the 5′ ends (F1; ATCTACACTCTTTC Fig. 2 . Histogram of the progression variable based on change in UPDRS I-III and LED. Legend: Solid vertical line represents the median, dashed vertical line represents the 3rd quartile, which was used to categorize subjects into "stable" and "progressed". CCTACACGACGCTCTTCCGATCT, F2; ATCTACACTCTTTCCCTACACGACGC TCTTCCGATCTgt, F3; ATCTACACTCTTTCCCTACACGACGCTCTTCCGA TCTagag, F4; ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtagtgt and R1; GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT, R2; GTGACT GGAGTTCAGACGTGTGCTCTTCCGATCTa, R3; GTGACTGGAGTTCAGACGT GTGCTCTTCCGATCTtct, R4; GTGACTGGAGTTCAGACGTGTGCTCTTCCGA TCTctgagtg). The additional nucleotides (small letters) are introduced for mixing in sequencing. The two-step PCR and subsequent quantification, pooling, and purification were done as described previously [4] . The obtained PCR amplicon pool was checked using Fragment Analyzer (Advanced Analytical Technologies Inc., Ankeny, IA, USA). Every PCR batch included a blank sample (no added DNA template) to assess potential contamination. Finally, the PCR products were sequenced with Illumina MiSeq (v3 600 cycle kit), with 325 bases for the forward and 285 bases for the reverse read. The raw sequence data contained a total of 34 701 899 sequence reads. These sequences are available at the European Nucleotide Archive with the accession number PRJEB27564. Primers were removed from the reads using cutadapt (version 1.8.3) [32] . The reads were paired, quality trimmed, taxonomically classified, and clustered into OTUs following mothur's Standard Operating Procedure (SOP) for MiSeq (make.contigs: mothur 1.38.1, the rest of the workflow: mothur 1.39.5; SOP version last updated on 4 April 2018) [33, 34] . The following changes were made to the SOP parameters: insert = 40 and deltaq = 10 in make.contigs; maxlength = 450 in the first screen.seqs step; start = 6428 and end = 23440 in the second screen.seqs step; diffs = 4 in pre.cluster. Additionally, singleton sequences were removed with split.abunds (cutoff = 1) before running classify.seqs. The references used were the full-length SILVA alignment release 128 for align. seqs and the RDP 16S rRNA reference (PDS) version 16 for classify. seqs. We inspected the extraction and PCR blank samples, which overall had low amounts of sequence reads (Supplementary material: R Markdown), and since these did not suggest any overall problems with contamination, we deleted these samples before downstream analyses. The final sequence data set (without the blanks) consisted of 18 867 278 good quality reads (median [IQR]: 73 078 [50 032-98 685]).
Statistics
All statistical comparisons and data visualization were performed with R (v. 3.5.1) [35] . The full analysis workflow is available in the supplementary materials (Supplementary material: R Markdown). In all comparisons, p-values b0·05, or adjusted p-values b0·05 in the case of multiple comparison corrected tests, were considered significant. False discovery rate [36] was used for multiple comparison correction. For basic comparisons of potentially confounding clinical variables, we used either Student's t-test, Wilcoxon signed rank test or Fisher's exact test depending on the type and distribution of each variable, and these comparisons were not corrected for multiple comparisons. Food and nutrient variables from the FFQ were adjusted for energy intake (divided by total energy intake in kilocalories and multiplied by 1000). For variable-specific comparisons, these continuous variables were split into categories by quintiles. To look for dietary patterns, we used PCA of a hand-picked set of 31 non-overlapping, continuous, energy-adjusted and z-transformed food items.
The R-package phyloseq (v. 1.26.0) [37] was used for microbiota data handling and calculating alpha diversity indices (observed richness, Shannon index and inverse Simpson index). Wilcoxon rank-sum test and linear regression were used for statistical testing of alpha diversity differences. Differences in Firmicutes/Bacteroidetes and Prevotella/ Bacteroides ratios were also compared with the Wilcoxon rank-sum test. Enterotyping was run with the reference-based online tool [38] , and distributions of enterotypes were compared with the chi-square test, for which simulate.p.value = TRUE was used when comparing PD patients subsetted according to progression, as the group sizes were small.
Beta-diversity comparisons were done with vegan (v. 2.5-3) [39] using Bray-Curtis dissimilarity of data subsampled to the lowest amount of sequences in a sample (2201), on three different taxonomic levels (OTU, genus and family). PERMANOVA was run with the command adonis2, with the parameters by = "margins" and perm = 9999 for all comparisons, except for the Timepoint + Parkinson + single confounder as well as the diet variable tests, which were run with 999 permutations. To narrow down the lists of potential confounders for testing, we focused on those clinical variables that differed significantly between groups (PD/control or progressed/stable), and a few common confounders that did not (age, sex, body mass index). Variables that were correlated with PD status (|Pearson's r| ≥ 0·5; Table 2 ) were only used for the within PD group comparisons; additionally, GDS 15 (Pearson's r = 0·491, close to the cutoff and with high values mainly present in PD patients at follow-up) and catechol-O-methyl transferase (COMT) inhibitor use (Pearson's r = 0·307, but with no controls using the medication) were also only used in the within PD group comparisons. To explore potential confounders for the PD/control comparisons, we first tested each variable for microbial community effects in a model that included timepoint (baseline or follow-up), PD status, and the variable in question. The variables that were significant (adonis2 p b 0·05 on at least one taxonomic level) in these single-confounder comparisons were then tested together in a combined adonis2 model. As an alternative test, we used the envfit function (run with permutations = 9999), fitting variables that were significant on at least one level with adonis2 onto a Nonmetric Multidimensional Scaling (NMDS) ordination performed with the metaMDS function (run with try = 500). Betadiversity analysis for the progression comparisons was performed in a similar manner, with the categorical disease progression variable (progressed/stable) in place of the PD status variable.
For differential abundance comparisons, we used ANCOM (v. 2.0; unpublished version shared online) [40, 41] , DESeq2 (v. 1.22.1) [42] , and random forests ( [43] , packages randomForest (v. 4.6-14) [44] for the classification, rfUtilities (v. 2.1-3) [45] for estimating the significance of the classification, and rfPermute (v. 2.1.6) [46] for assessing the significances of specific taxa). All comparisons were performed on OTU, genus, and family levels, with data trimmed to include taxa that had more than one read in at least 1/10 of samples (26 samples for PD status comparisons, 11 for progression comparisons, and 10 for PD phenotype comparisons); additionally, OTUs were required to have at least 1000 sequence reads altogether. ANCOM and random forests were run separately for baseline and follow-up, classifying data by PD status or progression category. For ANCOM, we adjusted the PD/control comparisons for Rome III score and BMI, and the progression comparisons for COMT inhibitor use, and chose the less stringent multiple comparison correction option (multcorr = 2) and the 0.90 cutoff (prev.cut = 0.90) for proportion of zeroes. The results for the 0.6 detection level column were considered significant. DESeq2 comparisons were corrected for the same confounders and were run with the parameters fitType = "parametric" and sfType = "poscounts". For the PD status comparisons, we used a model that was additionally corrected for subject (model: Rome III score + BMI + PD : subject + timepoint * PD) and extracted timepoint-specific contrasts from the results. Subjects that lacked baseline BMI information (2 PD, 3 control) were excluded from this analysis, which resulted in an unbalanced data set. Because of this and to assess the robustness of the results, the PD status DESeq2 comparison was performed with a leave-one-out approach, excluding each one of the 62 PD patients in turn, with the average FDR-adjusted pvalue of the 62 rounds as the final result. DESeq2 comparisons for progression were run separately for each timepoint, correcting for COMT inhibitor medication (model: COMT + Progression). PD phenotype comparisons (TD vs PIGD, excluding patients with MX type) were run with ANCOM and DESeq2, separately for each timepoint, and not corrected for confounders due to the small number of subjects included in this subgroup analysis.
Results
Clinical and diet data
Control subjects and PD patients were matched for age and sex in the pilot study [6] , and those who returned for the follow-up still had similar distributions for these variables, as well as body mass index (BMI) ( Table 3 ). As expected, PD patients had higher scores on the non-motor symptoms scale for Parkinson's disease (NMSS, p b 0·001 at both timepoints), and the Rome III IBS questionnaire (p b 0·001 at both timepoints). Controls more commonly had a history of transient ischemic attack (TIA) or ischemic stroke (p b 0·001 at both timepoints) and were on several medications more often than patients: statins (p b 0·001 at both timepoints), warfarin at baseline (p (baseline) = 0·017, p (follow-up) = 0·076), and calcium channel blockers (CCB) at follow-up (p (baseline) = 0·271, p (follow-up) = 0·035) ( Table 3) .
Contrasting stable and progressed patients (Table 4) , defined based on between-timepoint change in Unified Parkinson's Disease Rating Scale (UPDRS) I-III sum and total medication load calculated using the Levodopa Equivalent Dose (LED), there were no differences in basic demographics. The UPDRS I-III sum was stable or even decreased slightly between timepoints in stable patients (p = 0·004) and increased in progressors (p = 0·004). While there was no statistically significant difference in UPDRS I-III sum between groups at baseline (p = 0·201), there was at follow-up (p = 0·020). LED was similar for both groups at both timepoints and increased in both between timepoints (p (stable) b 0·001; p (progressors) = 0·001). Medications that differed between progression groups at baseline were acetylsalicylic acid (p = 0·037), statins (p = 0·010) and ropinirole (p (dose (mg)) = 0·048). At follow-up, progressors used more COMT inhibitors (p (entacapone (mg)) = 0·027; p (yes/no) = 0·051) and less pramipexole (p (dose (mg)) = 0·001).
Regarding dietary data, there were no significant differences in intakes of any dietary items between patients and controls, or stable and progressed patients (Supplementary results). However, the first principal component (PC1) of a Principal Component Analysis (PCA) seemed to reflect diet healthiness (Table S1) , with PD patients more often on the unhealthy side (Fig. 3) . We kept PC1 as a potential confounder to be assessed in further analyses.
Microbiota data
The 16S rRNA gene amplicon data contained 2836 OTUs, 198 genera and 77 families. The most common taxa were similar for the PD and control groups at both timepoints, with Ruminococcaceae and Lachnospiraceae dominating both groups' microbiota (Fig. 4A) . Subsetting PD patients by progression status did not suggest major differences in microbial communities between these groups (Fig. 4B) . Considering commonly used ratios of specific bacteria, the Firmicutes/Bacteroidetes ratio did not differ between patients and controls, but Prevotella/Bacteroides was higher in controls (p (baseline) = 0·052, p (follow-up) = 0·011). Comparing progressed and stable patients, Firmicutes/Bacteroidetes differed significantly at baseline (p = 0·012) but not at follow-up, while Prevotella/Bacteroides did not differ between groups.
Enterotype analysis suggested that PD patients in general, and progressed patients in particular (Fig. 5) , were overrepresented in the Firmicutes-dominated enterotype. This difference was statistically significant at both timepoints when contrasting controls and all patients (p (baseline) = 0·044; p (follow-up) = 0·025) or controls and progressed patients (p (baseline) b 0·001; p (follow-up) = 0·043), and at baseline when contrasting stable and progressed patients (p (baseline) = 0·016; p (follow-up) = 0·291). Enterotype distribution did not differ significantly between stable patients and controls (p (both timepoints) N 0·3).
Alpha diversity
We explored alpha diversity (microbial community richness and evenness) using three different indices (observed richness, Shannon, inverse Simpson). There was no difference between timepoints (p N 0·1, all indices), controls and patients (p N 0·6, all indices, both timepoints), stable and progressed patients (p N 0·2, all indices, both timepoints), or PD phenotypes (postural instability and gait difficulty (PIGD) vs tremor dominant (TD); p N 0·3, all indices, both timepoints). To look for effects of potential confounders, we calculated their correlations with each index (Table 5 ). The only variable with significant adjusted p-values in these comparisons was CCB use (adjusted p (Shannon) = 0·042; adjusted p (inverse Simpson) = 0·039). BMI and history of ear, nose and throat (ENT) surgery had a significant unadjusted p for all indices. We also found interactions between PD status and BMI in linear regression for the Shannon and inverse Simpson indices, and between PD status and average Victoria Bowel Performance Scale (BPS) score (followup only) when modelling observed richness (Fig. 6 , Supplementary results, Table S2 ). Dietary variables were not associated with differences in alpha diversity (Supplementary results).
Beta diversity
Regarding beta diversity (between-sample community dissimilarity), subjects' microbial communities did not differ between timepoints in any comparison, but they did between patients and controls (p (PD status) b 0·017, all comparisons; Table 6A-C, Fig. 7 ). The confounding variables with the most consistent effects were constipation scores (Rome III: p ≤ 0·001, all comparisons; Wexner: p ≤ 0·004 in all singleconfounder comparisons, dropped from further comparisons due to collinearity) and BMI (p b 0·025 in all comparisons except envfit test at genus and family level); two medication variables, CCB and ACE-I/ARB (angiotensin-converting-enzyme inhibitor / angiotensin II receptor blocker), and PC1 from the diet analysis were also significant in more than one comparison (Table 6B-C, Fig. 8 ). Separate beta diversity comparisons for dietary variables revealed no strong dietary confounders (Table S3 , Supplementary results).
Comparing progressed and stable patients, there were no beta diversity differences between timepoints nor for progression (Table 7A-C) , while COMT inhibitor use had a very significant community effect (p ≤ 0·001, all comparisons except the envfit test on genus and family levels; Table 7B-C). Other confounders which were significant in more than one comparison were statins, SCS-PD total, and NMSQuest. There were no differences for beta diversity between PD phenotypes (Supplementary results).
Differential abundance of microbial taxa
We used three differential abundance comparison methods, all of which suggested several taxa as differing significantly between PD patients and controls (ANCOM: 2 families, 1 genus and 6 OTUs for baseline and 3 families, 3 genera and 8 OTU for follow-up; random forests: 4 families, 5 genera and 33 OTUs for baseline, 3 families, 9 genera and 29 OTUs for follow-up; DESeq2: 3 families, 5 genera and 2 OTUs at baseline, 3 families and 5 genera at follow-up; Fig. 9 , Supplementary material: Table S4 ). All random forest classifiers were significantly better than chance (p ≤ 0·046 for all comparisons; Table S5 ). Combining the results of the three methods, a handful of taxa overlapped at one or both timepoints, mainly the families Bifidobacteriaceae, Prevotellaceae, and Puniceicoccaceae, and the genera Bifidobacterium, Roseburia, Prevotella, and Clostridium XIVa (Table 8 , Fig. 9, Fig. 10 ). A few other taxa reported as differentially abundant in previous studies were significant only according to random forests: the family Lachnospiraceae and the genus Blautia at baseline, and Lactobacillaceae and Lactobacillus at follow-up. Considering the confounders included in DESeq2, 2 OTUs, the genera Clostridium and Coprococcus, and the family Clostridiaceae 1 Fig. 7 . NMDS ordination illustrating microbial community differences between PD patients and control subjects. Legend: Also showing centroid locations for microbial genera reported as differentially abundant between the two groups in previous studies.
were associated with BMI, and Bifidobacterium and Bifidobacteriaceae with the Rome III score (Supplementary material: Table S4C ). Bifidobacteriaceae were not associated with PD status according to DESeq2 at either timepoint (Table 8) . Finally, the DESeq2 model enabled the detection of microbes with a difference in between-timepoint trends when comparing controls and PD patients, but we found no such taxa. Analyses contrasting progressed patients to stable ones also resulted in lists of several differentially abundant taxa (Supplementary material: Table S6A\ \C). However, random forest models failed to differentiate progressors and stable patients better than chance; the only comparison with a significant p-value was OTU level at follow-up (p = 0·044), and even there, the difference between actual and randomly permuted error values was small (Table S7 ). The differential abundance results of the three methods did not overlap substantially. One low-abundance, unclassified Lachnospiraceae OTU was significant according to all methods at follow-up; DESeq2 and random forests agreed on one Streptococcus OTU and the family Streptococcaceae at baseline, and three OTUs, the genus Asteroleplasma, and the family Anaeroplasmataceae at follow-up; and a single Bifidobacterium OTU, which was more common in progressors at follow-up, was supported by both ANCOM and random forests ( Table 9 ). The genus Prevotella was more abundant in stable patients at both timepoints according to DESeq2, while the family Prevotellaceae only differed at follow-up ( Fig. 11 ; Table 9 ; Supplementary results: Table S6C ). There were as many or more taxa associated with COMT inhibitors in the DESeq2 results as there were with progression, although these were also inconsistent across timepoints (Supplementary results: Table S6C ). Among them, Bifidobacterium was more common in COMT users than non-users at follow-up. When contrasting PD phenotypes (TD and PIGD), ANCOM detected no differentially abundant families or genera, and only 2 OTUs at baseline, while DESeq2 detected longer lists of taxa (Supplementary results; Table S8 ).
Discussion
Several studies have demonstrated that in healthy subjects, intersubject variability is greater than temporal variability in individuals [47, 48] . Based on our results, this seems to also hold true for PD patients. In contrast to the lack of differences between timepoints, the microbial communities clearly differed between PD patients and controls, which is in line with previous studies of PD and gut microbiota: they have consistently reported differences in beta diversity between PD patients and controls [5] [6] [7] [10] [11] [12] [13] [14] [15] [16] .
The results of differential abundance comparison methods based on different statistical approaches can vary widely [49] , offering one explanation for the varying results of the specific taxa reported in previous publications on PD and gut microbiota [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Other potential sources of variation include differences in the subjects' demographics and clinical details, technical differences in the sampling, storage and sequencing protocols, and different sample sizes. Our study ranks among the larger publications when it comes to the number of subjects, but it is still possible that we have missed some subtle effects due to not having enough samples.
In the present study, we used three different tools to look for taxa that differ between PD patients and controls, and our results underlined Fig. 10 . Genera and families that differ significantly between control subjects and PD patients. Legend: Showing taxa that differ at either timepoint according to more than one method, or have been reported as differing in a previous publication and have p b 0.1 at one timepoint according to at least one method.
the variation between methods: the lists of detected taxa overlapping between methods were short. The only taxa significant at both timepoints according to multiple methods were Prevotella and Prevotellaceae [6, 9, 12, 13] . Some taxa reported to differ between PD patients and control subjects by earlier studies, such as Akkermansia [5, 7, 11, 12] and Verrucomicrobiaceae [5] [6] [7] 11, 13, 15] , did not differ significantly in our comparisons, while many others, including Bifidobacterium and Bifidobacteriaceae [9, 11, 13] , Lactobacillus and Lactobacillaceae [6, 11, 13] , Lachnospiraceae [7, 11, 15] and Roseburia [7, 11] , were inconsistent across tools and timepoints. An additional, new taxon that was detected as significant at both timepoints in our study was Puniceicoccaeae, but as this family mainly contains environmental species [50] and was present at a very low abundance (mean ± SD (%): 0·025 ± 0·065), it seems unlikely to be of interest.
The baseline samples compared in this analysis were a subset of our earlier study [6] , but the new results differed from our previous ones. For example, the new analyses did not support a difference in Lactobacillaceae at baseline. As the earlier study used different PCR primers, sequencing platform, and statistical tools, it is not unexpected that the results also differ. Additionally, the baseline stool samples were stored longer and thawed twice, compared to the follow-up samples which were stored for a briefer period and only thawed once. Although we could detect no overall differences between timepoints in alpha or beta diversity comparisons, some of the variation in lists of differentially abundant taxa could relate to this.
Regarding disease progression, the differentially abundant taxa supported by more than one method did not overlap between timepoints aside from two unclassified Lachnospiraceae OTUs. According to DESeq2, Prevotella was more abundant in stable subjects at both timepoints, and Prevotellaceae at follow-up. We also contrasted patients with different disease phenotypes (TD and PIGD). Although the difference in Enterobacteriaceae between phenotypes detected in our pilot study with the metastats method [6] was significant in the resequenced baseline data when tested with DESeq2, there was no significant difference for this family at follow-up. The family Anaeroplasmataceae and the genus Asteroleplasma were significant in both progression and PD phenotype comparisons, but both taxa had values close to zero in nearly all samples, so these are likely to be false positives caused by the outlier subjects.
One previous publication on gut microbiota and PD progression, also with a 2-year follow-up period, found that stable and deteriorated patients had similar microbiota at each timepoint, although Bifidobacterium was less abundant in deteriorated patients at baseline [17] . Several taxa, including Prevotella, decreased between timepoints, and the abundances of Bifidobacterium and B. fragilis were negatively correlated to UPDRS I [17] . In our study, we saw no overall decreasing trend for Prevotella, although the genus was more abundant in stable subjects. Bifidobacterium was more abundant in COMT inhibitor users at follow-up. The previous study assessed only selected microbial taxa and did not consider the changes in medication over time in their progression classification [17] . To get a more universal measure of PD symptom severity than pure motor function, and to reduce dependency on the rater, we chose to use the sum of UPDRS I-III as a symptom severity measure for progression calculations [51] . For practical reasons, UPDRS-III assessments in medication OFF-state were only available for the follow-up timepoint of our cohort. Therefore, we chose to use UPDRS-III in medication ON-state for our calculations [51] . Thus, UPDRS scores are to some degree influenced by PD medication load. A dichotomous classification into progressed and stable, only based on this score, could falsely classify patients with progressed disease as stable e.g. if they had been undertreated at baseline, and this was compensated during the follow-up interval by overproportional medication increase. This may have influenced the results of the previous longitudinal study on microbiota in PD [17] . If disease severity is assessed in ONstate, the progression classifier must at the same time account for the PD medication load that may make motor symptom severity appear less than it actually is. The severity measure that we used to classify our patients by progression is driven by symptom severity and medication load and thus increase in either one will increase the probability of a patient being classified as a progressor. Even though not commonly used previously, our measure is based on a widely used indicator of disease severity (UPDRS I-III in ON-state) and is adjusted for medication load, which we deem essential in this context. Bearing in mind the methodological differences, the discordant results of the two follow-up studies are unsurprising. Taken together, they seem to imply that there is no strong microbial signal associated with PD progression. However, measuring progression is challenging. A 2-year follow-up period is short, and the number of patients classified as progressed in our comparisons was low (15 patients). A longer follow-up period and a larger patient cohort might be required to observe progression-related changes in microbiota.
The lowered abundance of the family Prevotellaceae in PD was a key finding of our pilot study [6] . Considering the results of our follow-up analysis, it remains a taxon of interest. Based on our FFQ comparisons, the abundance of this taxon was not strongly affected by dietary factors.
The difference in Prevotella abundance also remained significant when correcting for Rome III constipation score, although this does not entirely exclude the possibility that the results are confounded by the constipation commonly seen in PD [52] . Prevotella is a common colonizer of the human gut, and the dominant taxon in one of the three suggested enterotypes [38] . It has been linked to numerous medical conditions, its role varying from beneficial to detrimental, possibly depending on the species or strain [53] . Two PD studies have reported a lowered abundance particularly for the species P. copri [10, 12] . Additionally, one study found the genus less abundant in PD patients with IBS-like symptoms [1] . We have no strain level information in the present study, as 16S rRNA gene amplicon sequencing lacks the resolution for reliably defining species or strains. Hopefully, future research into the features of different Prevotella taxa will shed more light on their potential relationship to PD.
Numerous factors, such as BMI, sex, diet, and medications, can influence gut microbiota [11, 18, 54] . Our subjects represent a small and fairly uniform population, and patients and controls were matched for age and sex, but some differences between groups are inevitable: for example, PD patients have more GI symptoms than the general population [1, 2, 52] , and take PD-specific medications. Additionally, stroke or TIA were more common among our controls, who also used CCBs, statins and warfarin more often than patients. Diversity comparisons suggested that CCBs might influence gut microbiota diversity, but with so few subjects using them (baseline: 15, follow-up: 17), evaluating the significance of this effect is difficult. The same was true for COMT inhibitors: they were associated with differences in beta diversity and many differentially abundant taxa but were only used by a small subset of patients Fig. 11 . Genera and families that differ significantly between stable and progressed PD patients. Legend: Showing taxa that differ at one timepoint according to more than one method, or at both timepoints according to a single method.
(baseline: 6, follow-up: 11). Nevertheless, as they have been previously linked to microbiota changes [6, 11] , future studies of PD and microbiota should consider COMT inhibitors as an important confounder.
Since diet could underlie some microbiota differences detected in earlier studies, we also collected FFQ data. PC1 from a dietary PCA implied a less healthy diet for patients and was associated with beta diversity differences in single-confounder comparisons, but in multiple-confounder models it was only significant on OTU level with one test, while other variables (PD status, Rome III score, BMI) remained significant on multiple taxonomic levels with two different tests. Overall, diet did not appear to be a major confounder. Dietary fibre, which is thought to influence gut microbiota (and specifically the abundance of Prevotella), was included in all diet comparisons, with separate variables for total fibre, insoluble fibre, and soluble fibre. There were no differences in fibre consumption between PD patients and controls, and fibre was not associated with significant differences in alpha or beta diversity. Another potentially important confounder, the use of probiotics, was equally insignificant in all comparisons. This is likely to reflect the fact that our data set is small, particularly considering the semiquantitative nature of FFQs, and may not have enough statistical power to catch the microbial influences of these diet variables.
Intriguing incidental findings were the interactions between PD and BMI in relation to alpha diversity indices that include richness and evenness, and PD and stool consistency for observed richness. An inverse correlation between BMI and alpha diversity has been reported in several previous publications [55] [56] [57] ; in our analyses, this effect was noticeably weaker in PD patients. Additionally, the inverse correlation between the BPS stool consistency scale and richness, analogous to a previously reported inverse correlation between richness and the Bristol Stool Scale [58] , was also stronger in control subjects than PD patients. These results offer support for PD patients having abnormal gut microbial communities that do not follow trends seen in analyses with healthy subjects. Statistical modelling that goes beyond linear regression between alpha diversity and a few key confounders could offer further information regarding the complex relationships between PD and the other variables associated with changes in alpha diversity.
Conclusions
In this study, we have shown that the differences in gut microbiota of PD patients and controls persist at follow-up sampling 2 years later. As all previous studies have only included data from a single timepoint, this is an important first confirmation of replicability of such findings. Our lists of differentially abundant taxa between patients and controls included many previously reported bacteria (such as Bifidobacterium, Prevotella, Lactobacillus, and Roseburia), although the results varied considerably between statistical tools. Progressed PD patients had a Firmicutes-dominated enterotype more often than stable patients or control subjects. Additionally, Prevotella, a genus already shown to be less abundant in PD patients compared to controls, also appears less abundant in patients with faster disease progression. This further underlines the potential importance of this genus in PD. A longer followup period might be warranted for capturing the trends in microbial community changes during disease progression.
Funding sources
This study was funded by the Michael J. Fox Foundation for Parkinson's Research, the Academy of Finland (295724, 310835), the Finnish Medical Foundation, the Finnish Parkinson Foundation, Helsinki University Hospital (T1010NL101), and Hyvinkää Hospital (M6095PEV12). None of the funding bodies had any role in the design of the study, the collection, analysis, and interpretation of data, or in writing the manuscript.
Declaration of interests
VTEA has a patent FI127671B issued, a patent US10139408B2 issued, a patent US16/186,663 pending, and a patent EP3149205 pending.
PABP has a patent FI127671B issued, a patent US10139408B2 issued, a patent US16/186,663 pending, and a patent EP3149205 pending.
SV has nothing to disclose. LP has a patent FI127671B issued, a patent US10139408B2 issued, a patent US16/186,663 pending, and a patent EP3149205 pending.
EP reports personal fees from Finnish Patient Insurance Centre, personal fees and non-financial support from Abbott, personal fees, nonfinancial support and other from Abbvie, non-financial support from Boston Scientific, personal fees from NordicInfu care, personal fees from Orion, personal fees from Zambon, and is the person responsible for a multicenter study organized by Abbvie, outside the submitted work.
PA reports grants from Michael J. Fox Foundation for Parkinson's Research during the conduct of the study; In addition, Dr. Auvinen has a patent FI127671B issued, a patent US10139408B2 issued, a patent US16/186,663 pending, and a patent EP3149205 pending.
FS reports grants from Finnish Parkinson Foundation, grants from Finnish Medical Foundation, grants from Academy of Finland, grants from Michael J. Fox Foundation for Parkinson's Research, grants from Helsinki University Hospital, grants from Hyvinkää Hospital during the conduct of the study; personal fees and non-financial support from Abbvie, personal fees and non-financial support from UCB, nonfinancial support from NordicInfu Care, non-financial support from Medtronic, personal fees and other from NeuroInnovation Oy, personal fees and non-financial support from Herantis Pharma, non-financial support from Global Kinetics Corporation, personal fees and nonfinancial support from Zambon, personal fees from Orion, nonfinancial support from Abbott, other from LivaNova, other from Axial Biotherapeutics, grants from Renishaw, outside the submitted work; In addition, Dr. Scheperjans has a patent FI127671B issued, a patent US10139408B2 issued, a patent US16/186,663 pending, and a patent EP3149205 pending.
Authors' contributions
VTEA performed all bioinformatic and statistical analyses and wrote the first draft of the manuscript. PABP assisted in designing the statistical analyses and contributed to interpreting the results. SV designed the dietary data collection and performed the initial dietary data analysis. LP was responsible for the design and execution of the amplicon sequencing. EP contributed to the study design and the clinical part of the investigation. PA participated in the conception, study design and organization of the project. FS participated in the conception and the study design, was responsible for the overall execution of the project, performed the clinical evaluations of subjects, and contributed to the statistical analyses. All authors read and approved the final manuscript.
Availability of data and material
The raw sequence data generated and analysed during the current study are available in the European Nucleotide Archive with the accession number PRJEB27564. Due to participant privacy, full clinical metadata is only available from the corresponding author upon request. The final OTU and taxonomy tables and all additional files and scripts used to run the analyses in R are also available on request.
